Recent studies have shown the potential of antimatter propulsion to produce specific impulses on the order of 10 7 s. One such concept requires a radiation shield to absorb pure electromagnetic radiation in the form of 511 KeV photons. Different shield materials are analyzed and a thermal analysis is completed on the most probable shield material "tungsten". The required shield size, mass, and maximum rocket thrust is determined as a function of the shield properties.
Introduction
Recent studies have shown that it is possible to design a very high specific impulse rocket engine utilizing electron-positron annihilations. A spacecraft equipped with an ! + e e engine will annihilate it's fuel to produce gamma rays that will be captured into a momentum transfer shield at the extreme end of a rocket system. Two cases have been considered to capture momentum from the resultant photons as shown in Figure 1 . (1) In the first case ! + e e beams are injected into a hemispherical dish that extends from 2 2 ! ! " # , and directed towards a collision at the center of the dish. At this point the ! + e e pairs annihilate producing two 511 KeV ! -rays back to back. Half the resultant photons collide with the perfectly absorbing shield, while the other half are ejected into space from the annihilation point. The annihilation process is isotropic which produces a uniform distribution of photon collisions across the dish.
Each collision with the shield causes a transfer of momentum to the dish boosting the spacecraft from one velocity to a higher velocity. This process yields an I sp of (~9.75x10 6 s), assuming ideal conditions.
In reality the incident photons would cause a scattering effect inside the shield. The photons will collide with atoms of the shield material causing a spray of electrons and lower energy photons to be ejected at random angles. Some of these photons and electrons will be ejected at angles opposite to the direction of motion causing some momentum to be lost. This will serve to decrease the specific impulse and thrust. Currently Monte Carlo simulations are being developed to determine the efficiency lost due to the scattering of electrons and photons.
The second configuration involves the use of a parabolic shield that extends from 5π/6 to -5π/6. In this case the shield is assumed to be a perfect reflector of the 511 KeV photons. This reflection process creates a large increase in the momentum vector of the incident photons. This concept yields a much larger I sp and thrust than with the previous case. Although this is by far the most efficient of the two cases current technology lacks the ability to reflect 511 KeV photons. The I sp from this case is (~3.06x10 7 s). A detailed velocity profile of these two configurations has shown incredible burnout velocities for relatively small amounts of fuel (i.e. electrons and positrons) Figure 2 ,3.
The velocity profile graphs are derived from the equation.
where
and! is a running parameter i M p M used to graph the function, ! cos is the mean angular distribution of the momentum that is transferred to the dish in the forward direction by the γ-rays. In the case of the absorbing shield the average momentum capture is 2/π, and is 1.985 for the reflecting shield. Equations three and four are derived in further detail in a previous study at Embry Riddle Aeronautical University (1) .
Shield Selection
Due to the technical problems associated with reflecting 511 KeV photons, near term propulsive applications of this type of rocketry will use the absorbing shield concept. The design of the shield is based on the nuclear and thermal properties of different materials. The shield must be able to absorb as much of the incident energy as possible without melting and also be light weight. The ability of a shield to absorb energy is based on the radiation lengths of various materials. A radiation length is the thickness of a certain material required to absorb a certain amount of energy. The amount of radiation lengths required to absorb 100% of the energy incident upon a radiation shield is based on the equation;
As is seen in figure 4 it requires roughly 5 radiation lengths of a material to absorb the majority of the incident energy. In order to efficiently absorb all the photon momentum incident upon the shield a shield must be made of a material with small radiation lengths and a low density. Much of the energy form the photons will also degrade into heat which will cause the shield to melt, so the shield should have a high melting point.
On an initial investigation Tungsten appears to be the best candidate with a melting point of 3600 K a density of 19.3 gm/cm 3 and radiation lengths of 0.35 cm giving the shield a total thickness of 1.75 cm at 5 radiation lengths.
Assuming the shield is hemispherical the dimensions of the shield are then examined as a function of its area and radius. This is done by using basic geometrical equations of spherical volume and radius. 
Shield Area Vs. Shield Radius

Shield Analysis
It is important to note that equations 3 and 4 are assuming perfect efficiency and that the momentum will be completely absorbed in the direction of the photon impact over the shield. Unfortunately this is not the case, the photons incident on the shield will strike electron in the tungsten atoms.
Following the collisions, the impacted electrons will be stripped from the atoms and ejected at random angles. The photons will exit the atom also at random angles with a lower energy and the same process will occur with electron-electron, photon-electron collisions until all of the energy is absorbed in the shield, Compton Scattering, Brehmstralling, and the Photo-electric effect will result from the process. The random diffraction angles of the photons and electrons will serve to change the cosine average and in some cases photons will be reflected in the backwards direction. Before we can move any further in our analysis we must understand how much energy our shield is storing that needs to be dissipated. We can determine this through the equation; The thermal properties of the Tungsten shield place practical limitations on the propulsion system. The shield can not be heated past its melting point by the thrusting gamma rays. This places a limit on the maximum amount of propellant which can be injected into the hemisphere at any one time. A constant shield temperature limits the propellant mass flow rate and thrust to a maximum level. The only option which exists to augment the propellant mass flow rate is to increase the surface area of the shield which the photons are incident upon.
Tungsten melts at 3600 K and has an emisivity that ranges from 0.032 at 300 K to 0.354 at its melting point. The maximum steady state thrust at which the shield can cool itself by radiating photons at an equal power density to the incoming radiation can be found through the equation:
The power at which the shield can radiate electromagnetic energy as a function of shield area is written as; Combining equations 7 and 3 derives the maximum thrust that can be obtained before the shield will melt down. Unfortunately one problem arises in the radiative cooling technique, the shield geometry.
Photons radiated from the shield may be radiated at any angle from the shield surface. Some fraction of the radiation emitted from the surface of the shield may be re-radiated into the opposite side of the shield, not allowing the shield to cool by the proper amount. This will serve to decrease the propellant mass flow rate and thrust in order to prevent the shield from melting. As a result it may be more appropriate to make the shield flat as opposed to hemispherical. Unfortunately this means that if a photon is ejected at a large angle from the annihilation point it may miss the edge of the shield and decrease the cosine average. The angle of photon ejection form the shield can be determined from the equation shown below. Where D is the distance of annihilation from the shield and R is the maximum radius of the shield. This can be plugged into the cosine average shown as;
Combining the two equations results in;
Assuming the annihilation point is 2 cm from the shield, the cosine average as a function of shield radius can be seen in figure 13 . As is seen the cosine average remains very close to the 2/π average until the shield radius becomes smaller than 0.2 meters. Unfortunately the shield area is smaller for a flat shield which means that the shield can not radiate as much energy and the thrust level will drop form the hemispherical case. In any of the radiative techniques the thrust to weight ratio becomes so unacceptably small that it would take hundreds of years to accelerate to peak velocities, although the specific impulse is exceedingly high. A method needs to be developed to increase the thrust to a level that accelerates a spacecraft much quicker.
A possible method of augmenting the thrust is through evaporative cooling using liquid Hydrogen or some other working fluid. If we assume that the shield is raised to a peak temperature of 3300 K and we use liquid Hydrogen stored at 16 K we can solve for the resulting energy transfer, thrust and specific impulse.
First we find the normalized heat transferred (Power) from the shield to the LH2. Since the shield area is indeterminate, we will find the power as a function of shield area.
( ) Next we find the mass flow rate of LH2 required to maintain the above energy transfer rate
combining equations 1 and 2 and solving generically we arrive at:
solving eq.3 with the parameters given for liquid hydrogen and as a function of shield area we obtain:
The required mass flow rate as a function of inner shield area is shown below: Next we find the thrust created by the expanding Hydrogen and its effect on the engines specific impulse.
First we must find the resulting expansion rate of the Hydrogen gas. Knowing this in conjunction with the mass flow rate we can then find the thrust via the equation below:
We can find an approximation for the rate of expansion from the Kinetic energy theorem shown in equation 5.
Assuming that the thermal energy absorbed by the Hydrogen becomes kinetic energy we can rewrite equation 5 to find the initial rate of expansion for the Hydrogen gas. 
Where
Assuming that equation 5 is normalized to a one second time frame
We find that regardless of the shield area, with the properties given for this case, the Hydrogen will expand at a velocity of:
Combining equations 1, 3,and 7 we arrive at ( ) 
The thrust produced from the absorption of photons over a Tungsten shield is only a partial function of shield area, making a graph of its effect on thrust irrelevant. Next use the following equation to find the specific impulse imparted by the Hydrogen via:
Combining equations 8 and 10 we arrive at:
We find that regardless of the shield area the Hydrogen will expand with a specific impulse of: 
For large thrusts we find that the thrust to propellant mass ratio is so insignificant compared to the Hydrogen that the specific impulse of the rocket is always 826 seconds. This is a significant reduction from the millions achieved with the radiative technique, but is still over twice as high as current engines.
The engine in effect become a nuclear thermal engine very similar to the NERVA engines of the 1960's but instead of using Uranium fission for thermal energy this concept uses positrons. An antimatter thermal rocket will have the same performance as a nuclear thermal rocket, but will not require the mass of the reactor as in the nuclear thermal case, this may serve to slightly increase the thrust to weight ratio.
A possible method to increase the thrust to weight ratio if this concept is to slice a shield into ten separated shields with a combined thickness of 5 radiation lengths. This will effectively multiply the shield area by 20. In the case of a shield 10 meters in radius the shield will have a surface area of 10,000 m 2 a shield mass of 170,000 kg, a convective energy transfer of 6,800 MW and a thrust of 1.70 MN. 
Conclusions
From studies it seems very feasible to cool a tungsten radiation shield radiatively, unfortunately this technique yields very high specific impulses this will limit the thrust of a spacecraft to impossibly small values.
Convectively cooling a shield with a working fluid such as Liquid Hydrogen seems to be very possible. This technique will hugely augment the thrust of a spacecraft, but will lower the specific impulse of the engine from millions of seconds to 826 seconds. On the positive side, this lowers the positron requirements to a level that can be achieved with present technology.
The best solution to augment thrust levels without degrading specific impulse seems to lie in the reflecting shield concept. This will allow for tens of millions of seconds of specific impulse and very high thrust levels. Unfortunately at present the technology required to reflect 0.511 MeV photons does not exist. Further research should be conducted into this area to open up the solar system to high mass aggressive manned spacecraft exploration.
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